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ABSTRACT 

One of  t h e  i n i t i a l  requirements f o r  a manned lunar  s c i e n t i f i c  base  
w i l l  be a n  adequate ,  dependable supply of  e l e c t r i c  power. Minimum weight 
and long o p e r a t i n g  c a p a b i l i t i e s  n e c e s s i t a t e  t h e  use of n u c i e a r  energy.  
McMurdo Sound Operat ions i n  t h e  a n t a r c t i c  and t h e  r a d a r  s i t e  i n  Sundance, 
Wyoming, have demonstrated t h e  v a s t  p o t e n t i a l  of n u c l e a r  power under 
s e v e r e  o p e r a t i n g  condi t ions .  

Appl ica t ion  s t u d i e s  have been inade on e x i s t i n g  systems f o r  nuc lear  
a u x i l i a r y  power (SNAP); however, t h e s e  systems were no t  designed f o r  
l a r g e  power output  f o r  extended per iods and do not  appear  f e a s i b l e .  
Therefore ,  a n  e n t i r e l y  new type of s t a t i o n  should b e  designed and devel -  
oped f o r  t h e  lunar  environment. 

The power requirements f o r  such a s t a t i o n  should be i n  t h e  megawatt 
( e l e c t r i c a l )  range.  A conceptual  des ign  o f  a compact lunar  power s t a t i o n  
i n c l u d e s  a p a r t i a l l y - s h i e l d e d ,  l iqu id-meta l  cooled,  f a s t  r e a c t o r  h e a t  
source ;  a primary h e a t  exchanger;  a redundant potassium Rankine c y c l e  
t u r b o - e l e c t r i c  g e n e r a t i o n  system; and e i t h e r  a r a d i a t o r  o r  a luna r  h e a t  
s i n k .  

A modular-designed compact lunar  power s t a t i o n  becomes a n  immediate 
c a n d i d a t e  f o r  l o g i s t i c  missions u t i l i z i n g  t h e  Sa turn  V Lunar L o g i s t i c  
v e h i c l e .  The technology e x i s t s  fo r  des igning  and developing a power s t a -  
t i o n  of t h i s  type;  however, l ead  t i m e  spans up t o  10 years  and a r e s e a r c h  
and development program should be i n i t i a t e d  a t  a n  e a r l y  d a t e .  
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COMPACT LUNAR POWER STATION 

BY 
Edward E .  Dungan 

SUMMARY 

One of t h e  i n i t i a l  requirements f o r  a manned lunar  s c i e n t i f i c  base  
w i l l  be  a n  adequate ,  dependable supply of e l e c t r i c  power. Minimum weight  
and long o p e r a t i n g  c a p a b i l i t i e s  n e c e s s i t a t e  t h e  use of  n u c l e a r  energy. 
McMurdo Sound Operat ions i n  t h e  a n t a r c t i c  and t h e  r a d a r  s i t e  i n  Sundance, 
Wyoming, have demonstrated t h e  v a s t  p o t e n t i a l  of nuc lear  power under 
s e v e r e  o p e r a t i n g  c o n d i t i o n s .  

A p p l i c a t i o n  s t u d i e s  have been made on e x i s t i n g  systems f o r  nuc lear  
a u x i l i a r y  power (SNAP); however, t hese  systems were no t  designed f o r  l a r g e  
power o u t p u t  f o r  extended per iods  and do no t  appear f e a s i b l e .  Therefore ,  
a n  e n t i r e l y  new type of s t a t i o n  should be designed and developed f o r  t h e  
l u n a r  environment. 

The power requirements  f o r  such a s t a t i o n  should be i n  t h e  megawatt 
( e l ec t r i ca l )  range.  A conceptua l  design of a compact l una r  power s t a t i o n  
i n c l u d e s  a p a r t i a l l y - s h i e l d e d ,  l iqu id-meta l  cooled ,  f a s t  r e a c t o r  h e a t  
s o u r c e ;  a primary h e a t  exchanger; a redundant potassium Rankine c y c l e  
t u r b o - e l e c t r i c  g e n e r a t i o n  system; and e i t h e r  a r a d i a t o r  o r  a lunar  h e a t  
s ink .  

A modular-designed compact lunar  power s t a t i o n  becomes a n  immediate 
c a n d i d a t e  f o r  l o g i s t i c  missions u t i l i z i n g  t h e  Sa turn  V Lunar L o g i s t i c  
v e h i c l e .  The technology ex i s t s  f o r  designing and developing a power s t a -  
t i o n  of t h i s  t ype ;  however, l ead  t i m e  spans up t o  10 y e a r s  and a r e s e a r c h  
and development program should be  i n i t i a t e d  a t  a n  e a r l y  d a t e .  

INTRODUCTION 

The l o g i c a l  s t e p s  immediately following a s u c c e s s f u l  landing and 
r e t u r n  of a manned luna r  v e h i c l e  w i l l  i n i t i a l l y  c o n s i s t  of c o n s t r u c t i n g  
and supply ing  a manned luna r  s c i e n t i f i c  base.  The s t e p s  t o  follow such 
a n  endeavor w i l l  be moon e x p l o r a t i o n ,  t h e  es tab l i shment  of a lunar  observ-  
a t o r y ,  and thus a n  o r d e r l y ,  wel l -planned progress ion  of advanced s c i e n t i f i c  
s t u d i e s .  To accomplish each of  t h e s e ,  man must depend completely upon i m -  
m e d i a t e l y  a v a i l a b l e  equipment w i t h i n  h i s  e s t a b l i s h e d  s c i e n t i f i c  base .  
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An adequate ,  dependable supply of e l e c t r i c  power w i l l  be an  i n i t i a l  
requirement  of the  base .  Such a power supply w i l l  no t  on ly  suppor t  l i f e  
w i t h i n  t h e  base bu t  a l s o  provide f o r  work shops,  l a b o r a t o r i e s ,  cons t ruc -  
t i o n  equipment, e t c .  It i s  apparent  t h a t  a power s t a t i o n  must be b u i l t  
t h a t  w i l l  meet a l l  e l e c t r i c a l  requirements  f o r  f i v e  t o  t e n  years. Cur- 
r e n t  t echno log ica l  t r ends  i n d i c a t e  t h a t  a s t a t i o n  of t h i s  magnitude can  
only  be e s t a b l i s h e d  through t h e  u t i l i z a t i o n  of a nuc lea r  sou rce .  

Nuclear power has c l e a r l y  demonstrated i t s  c a p a b i l i t i e s  a t  McMurdo 
Sound and m i l i t a r y  f i e l d  l o c a t i o n s  (Ref. 1). Adequate power l e v e l s ,  
dependab i l i t y ,  long ope ra t ing  l i f e ,  and minimum maintenance requirements  
n e c e s s i t a t e d  the  use of nuc lea r  power i n  such remote areas. These same 
parameters  become even more a p p l i c a b l e  t o  e s t a b l i s h i n g  a nuc lea r  power 
s t a t i o n  on the  moon. The c o n s t r u c t i o n  of nuc lea r  power s t a t i o n s  i n  re- 
mote l o c a t i o n s  has been accomplished through pre-manufactured packages 
o r  modules wi th  assembly a t  t h e  s i t e .  This concept  must be fol lowed i n  
cons t ruc t ing  the  moon s t a t i o n  s i n c e  ease  of assembly w i l l  be paramount. 

A review of a v a i l a b l e  des igns  r e v e a l s  t h a t  a completely new type  of 
s t a t i o n  should be designed and developed f o r  t he  lunar  environment.  This  
requirement  i s  p a r t l y  caused by a minimum weight  des ign  c o n s t r a i n t .  Other  
c o n s t r a i n t s  t h a t  are not  s a t i s f i e d  inc lude  the  p o s s i b l e  l ack  of water on 
t h e  moon, assembly techniques ,  maintenance, and m a t e r i a l  problems. Appli-  
c a t i o n  s t u d i e s  have been made on e x i s t i n g  systems f o r  n u c l e a r  a u x i l i a r y  
power (SNAP) (Ref.  2 ) ;  however, t h e s e  systems were no t  designed as s t a -  
t i o n a r y  power s t a t i o n s  and do no t  appear  f e a s i b l e .  It should be noted 
t h a t  each of t h e  s e v e r a l  power s t a t i o n s  now ope ra t ing  i n  remote l o c a t i o n s  
were i n d i v i d u a l l y  designed and developed t o  m e e t  t h e  minimum program 
requirements .  Therefore ,  i t  can be a s s e r t e d  t h a t  p r e s e n t  des igns  are  
no t  adequate  f o r  a u s e f u l  l una r  power s t a t i o n .  The t i m e  r e q u i r e d  t o  
des ign  and develop a complete o p e r a t i n g  s t a t i o n  of t h i s  type w i l l  prob- 
a b l y  be e i g h t  t o  t e n  years  (Ref. 3 ) .  Thus, 1971 would be t h e  ea r l i e s t  
p o s s i b l e  date  t h a t  such a s t a t i o n  could  be made a v a i l a b l e .  A review of 
va r ious  p ro jec t ed  t ime tab le s  i n d i c a t e s  t h a t  t he  requi rement  f o r  a luna r  
power s t a t i o n  w i l l  be i n  t h e  1970-89 t i m e  p e r i o d ,  p r i m a r i l y  because of 
t he  a v a i l a b i l i t y  of t h e  Sa tu rn  V l o g i s t i c s  and t h e  Nova launch v e h i c l e s .  
TO m e e t  the above d a t e  l i n e s ,  i n i t i a t i o n  of f e a s i b i l i t y  s t u d i e s  should 
be made i n  the  near  f u t u r e .  

POWER REQUIREMENT 

The power requirement  w i l l  determine t h e  des ign  of a luna r  power 
s t a t i o n ;  t h e r e f o r e ,  a d e t a i l e d  s tudy  of  t h e  power needs over  t h e  i n i t i a l  
f i v e  t o  t e n  y e a r s  should be made. Other  c r i t i c a l  des ign  parameters  i n -  
c lude  power v a r i a t i o n s ,  emergency s tandby r equ i r emen t s ,  o p e r a t i o n a l  l i f e -  
t i m e ,  and up ra t ing  c a p a b i l i t y .  
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An ex tens ive  s tudy  of t h e  power requirements  f o r  a lunar  power s ta -  
t i o n  has  n o t  been made f o r  reasons such as u n c e r t a i n t y  i n  base  des ign  and 
purpose.  U n t i l  such d e t a i l s  become known, the  power requirements  may 
only be e s t ima ted .  However, f e a s i b i l i t y  s t u d i e s  such a s  " P r o j e c t  Horizon" 
(Ref. 4 )  have been made and have proven t o  be extremely u s e f u l .  
mately 500 wa t t s ,  e l e c t r i c a l ,  p e r  man appears  t o  be the  minimum r e q u i r e -  
ment t o  suppor t  l i f e  i n  an emergency. It can s a f e l y  be assumed t h a t  a 
lunar  base  c o n s i s t i n g  of 100 men w i l l  r e q u i r e  a t  least  1000 k i l o w a t t s  
e l e c t r i c a l  (kWe) t o  ope ra t e  over  a prolonged pe r iod .  A s  exp. lorat ion pro-  

the moon, power requirements  r ap id ly  i n c r e a s e  (Ref.  5 ) .  

Approxi- 

I 
I g r e s s e s  and more s o p h i s t i c a t e d  space experiments become o p e r a t i o n a l  on 

The PM-3A (power r e a c t o r  by Martin Co.), f o r  example, opera ted  a t  an 
average power of 1000 kWe during Deep Freeze 1962 and i s  expected t o  i n -  
c r e a s e  t o  3000 kWe by Deep Freeze 1965 (Ref.  1). It should be noted t h a t  
t h e  w i n t e r  complement a t  McMurdo Sound ranges between 150 and 300 men. 
Table 1 compares power requirements  a t  remote bases  w i t h  t h a t  of a luna r  
base .  An important  f a c t o r  t o  be considered i s  t h a t  when power i s  a v a i l -  
a b l e  i t  w i l l  be u t i l i z e d ,  a s  i n  the case  of McMurdo Sound. Therefore ,  
upgrading c a p a b i l i t y  should be considered i n  t h e  i n i t i a l  design.  

TABLE 1. PSWER REQUIREMENTS (REFS. 1 AND 4 ) .  

COMPLEMENT POWER 
(Men) ( m e )  

McMurdo Sound (PM-3A) 
Summer : 1000 - 1200 Deep Freeze 1962: 1.0 
Winter:  150 - 300 Deep Freeze 1965: 3 .0  

Pro j e c t Hor i zon 9 
( M i l i t a r y  Lunar Outpost)  1 2  

100 

Compact Lunar Power 
S t a t i o n  (CLP-1) 

100 
1000 

0.050 
0.115 

>1.0 

2 
>5 

Severe l i m i t a t i o n s  of t he  upgrading c a p a b i l i t y  i n  an optimum des ign  
may r e s u l t .  To avoid  compromise, the i n i t i a l  des ign  should be adequate 
f o r  suppor t ing  a t  l eas t  a 100-man lunar  base .  A s  power requirements  
i n c r e a s e ,  a d d i t i o n a l  power s t a t i o n s  i d e n t i c a l  t o  t h e  i n i t i a l  s t a t i o n  
may be added, thus provid ing  a s a f e t y  f a c t o r  i n  case  of a s i n g l e  s t a t i o n  
f a i l u r e .  
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STATION CONCEPT 

A lunar power s t a t i o n  should be compact i n  des ign  and w i l l  n e c e s s a r i l y  
c o n s i s t  of t h r e e  components; s p e c i f i c a l l y ,  a nuc lear  r e a c t o r  h e a t  system, 
a h e a t  t r a n s f e r  system, and a power gene ra t ion  and d i s t r i b u t i o n  system. 
The fol lowing parameters should be inco rpora t ed  i n t o  the  o v e r a l l  des ign .  

1. 

2. 

3 .  

4 .  

5. 

6. 

7 .  

8. 

9.  

Adequate power and e f f i c i e n c y  

Minimum w e  i gh t 

Dependabi l i ty  

Long ope ra t ing  l i f e  (one year  o r  more) 

Transpor tab le  by Sa tu rn  V o r  Nova v e h i c l e s  

Ease of  assembly 

Minimum maintenance 

Automatic o p e r a t i o n  

I n h e r e n t l y  s a f e  - man r a t e d .  

FIGURE 1 i l l u s t r a t e s  s chemat i ca l ly  a p o s s i b l e  concept  f o r  a compact 
lunar  power s t a t i o n ,  i nc lud ing  t h e  t h r e e  components p rev ious ly  mentioned. 
The nuclear  r e a c t o r  h e a t  source  i s  a l i qu id -me ta l  coo led ,  f a s t  r e a c t o r  
which i s  p a r t i a l l y  sh i e lded  and has  a maximum o p e r a t i n g  power of  20 mega- 
watts thermal (Wt) .  The primary coo lan t  i s  molten l i t h ium.  The primary 
h e a t  exchanger i s  of  a convent iona l  type.  The h e a t  t r a n s f e r  system 
ope ra t e s  on a potassium Rankine cyc le  and u t i l i z e s  two t u r b i n e s  f o r  de- 
pendab i l i t y .  The potassium loop i s  c losed  and,  t h e r e f o r e ,  does no t  be- 
come r a d i o a c t i v e  through contaminat ion.  The power g e n e r a t i o n  and d i s t r i -  
b u t i o n  s y s t e m  i s  of convent iona l  des ign  and each gene ra to r  produces a 
nominal power of  1.0 megawatt e l e c t r i c a l  (We) o r  a maximum of 2.0 W e .  
The maximum o v e r a l l  power convers ion  e f f i c i e n c y  of t h e  s t a t i o n  i s  10 
per  c e n t .  

A small a u x i l i a r y  power supply may be r e q u i r e d  f o r  s t a r t u p ,  shutdown, 
and emergency i n t e r i m  pe r iods .  
c o n s i s t  of b a t t e r i e s  o r  f u e l  c e l l s  of  nominal power. 

This power supply would most probably 

A. NUCLEAR REACTOR HEAT SYSTEM 

The s e l e c t i o n  of a r e a c t o r  t ype  i s  h i g h l y  i n f l u e n c e d  by t h e  
minimum weight c o n s t r a i n t ,  p a r t l y  because of  t h e  t r a n s p o r t a b i l i t y  r e q u i r e -  
ment. However, t he  weight  of  t h e  r e a c t o r  c o r e  i s  n o t  n e c e s s a r i l y  t h e  
dominant component of the  t o t a l  system; t h e  weight  of  t h e  s h i e l d i n g  and 
primary hea t  exchanger i s  an  important  f a c t o r .  ~t does no t  appear  feas- 
i b l e  t o  u t i l i z e  indigenous lunar  m a t e r i a l s  f o r  t o t a l  s h i e l d i n g  purposes 
f o r  t h ree  major reasons :  f i r s t ,  t he  composi t ion  of t h e  luna r  material  
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i s  no t  known and t h e  e s s e n t i a l  n u c l e a r  s h i e l d i n g  c h a r a c t e r i s t i c s  a r e  no t  
p r e d i c t a b l e ;  second, t h e  e f f e c t  on c o n t r o l  of t h e  r e a c t o r  i s  u n p r e d i c t -  
a b l e ;  and t h i r d ,  t h e  necessary  mining t o o l s  and manufacturing machinery 
may n o t  be a v a i l a b l e  nor w i l l  t i m e  permit  such an endeavor.  
t i o n  of  lunar t e r r a i n ,  p o s s i b l y  rock o r  g r a n i t e ,  does n o t  appear p r a c t i c a l ,  
e s p e c i a l l y  i f  excavat ion  i s  r e q u i r e d .  However, i t s  use as a p a r t i a l  s h i e l d  
should be considered.  I n  view of such r e s t r i c t i o n s ,  a thermal- type r e a c t o r  
i s  n o t  considered f e a s i b l e  because of i t s  l a r g e  dimensions and,  subse-  
q u e n t l y ,  the r e s u l t i n g  excess ive  p a r t i a l  s h i e l d  weight.  

The u t i l i z a -  

I m p l i c i t  i n  t h e  requirement f o r  minimum s i z e  and weight  of power 

The r e a c t o r  must a l s o  be capable  of o p e r a t i n g  
conversion equipment i s  t h e  n e c e s s i t y  f o r  a h igh  primary c o o l a n t  tempera- 
t u r e  a t  the r e a c t o r  o u t l e t .  
w i t h  a high degree of r e l i a b i l i t y  w i t h  minimum maintenance f o r  per iods  up 
t o  10 000 hours o r  more under extreme c o n d i t i o n s .  I n  des igning  a r e a c t o r  
f o r  such an a p p l i c a t i o n ,  on ly  a f a s t  o r  i n t e r m e d i a t e  type should b e  con- 
s i d e r e d .  I f  the core of a n  i n t e r m e d i a t e  r e a c t o r  i s  t o  be as small  as a 
f a s t - t y p e  r e a c t o r ,  r e f l e c t o r  moderation must be  employed. 
r e s u l t s  i n  a r a t h e r  poor power d i s t r i b u t i o n  w i t h i n  the  c o r e  and has  no 
obvious compensating advantages.  The f a s t - t y p e  r e a c t o r  emerges as t h e  
most l i k e l y  candida te  f o r  f u r t h e r  c o n s i d e r a t i o n .  

This  g e n e r a l l y  

The s e l e c t i o n  of  a primary coolan t  o f f e r s  fou r  p l a u s i b l e  choices :  
p ressur ized  o r  s u p e r c r i t i c a l  water  o r  o t h e r  l i q u i d ,  b o i l i n g  water  o r  
o t h e r  l i q u i d ,  g a s ,  and l i q u i d  metal  o r  s a l t .  The b o i l i n g  l i q u i d  system 
can be e l imina ted  immediately because of t h e  l a r g e  p r e s s u r e  s h e l l  re-  
q u i r e d  t o  c o n t a i n  t h e  vapor phase w i t h i n  t h e  r e a c t o r  p r e s s u r e  v e s s e l .  
Of t h e  remaining t h r e e ,  t h e  l i q u i d  metal  o r  s a l t  cooled system 
r e s u l t s  i n  apprec iab ly  smaller c o r e  dimensions and o p e r a t e s  a t  low p r e s -  
s u r e  r a t h e r  than  a t  136 t o  204 a t m .  I n  a d d i t i o n ,  t h e  l i q u i d  metal  o r  
s a l t  system o f f e r s  t h e  p o t e n t i a l  of  o p e r a t i n g  a t  much h igher  temperatures  
w i t h  r e s u l t a n t  improvement i n  power convers ion  equipment e f f i c i e n c y  and 
weight as previous ly  noted.  A maximum p o t e n t i a l  f o r  power p l a n t  growth 
i s  obtained by us ing  a l i q u i d  meta l  o r  s a l t  system through i n c r e a s i n g  
power output  wi thout  i n c r e a s i n g  t h e  c o r e  s i z e .  

The choice of  l i q u i d  m e t a l  i n  p r e f e r e n c e  t o  molten s a l t  i s  d e s i r a b l e  
f o r  t h r e e  reasons :  f i r s t ,  metals  are  i n h e r e n t l y  b e t t e r  h e a t  t r a n s f e r  
media; second, l i q u i d  meta l  technology i s  f u r t h e r  advanced; and t h i r d ,  
r e a c t o r  s t a r t u p  problems a r e  s i m p l i f i e d .  O f  t h e  numerous l i q u i d  metals 
t o  be considered a s  r e a c t o r  c o o l a n t s ,  t h r e e  appear  p o t e n t i a l l y  u s e f u l  f o r  
h igh  temperature lunar  a p p l i c a t i o n .  These are  lead-bismuth e u t e c t i c  
( l i q u i d  from 121" t o  167OoC), sodium ( l i q u i d  from 98" t o  883"C), and 
l i t h i u m  ( l i q u i d  from 179" t o  1 3 1 7 O C ) .  
p r e s s u r e ,  t h e  Pb-Bi e u t e c t i c  has  a r e l a t i v e l y  h igh  s p e c i f i c  g r a v i t y  and 
low s p e c i f i c  h e a t  which r e s u l t s  i n  h igh  p r e s s u r e  head and l a r g e  m a s s  f low; 
t h e r e f o r e ,  i t  should b e  e l i m i n a t e d .  The p r i n c i p l e  advantages of  sodium, 

I n  a d d i t i o n  t o  a v e r y  low vapor  
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as compared wi th  l i t h ium,  would appear t o  be t h e  v a s t  background of 
ope ra t ing  exper ience ,  compa t ib i l i t y  w i t h  s t a i n l e s s  s t e e l ,  h igh thermal  
c o n d u c t i v i t y ,  h igh  vapor p r e s s u r e ,  and s l i g h t l y  low me l t ing  p o i n t .  
The p r i n c i p l e  advantages of l i t h ium a r e  low d e n s i t y ,  h igh  s p e c i f i c  
h e a t ,  and p a r t i c u l a r l y  high b o i l i n g  p o i n t .  Although l i t h i u m  i s  i n -  
compat ible  w i t h  most me ta l s ,  i t  appears t h a t  columbium a l l o y s  w i l l  be 
adequate  a t  t h e  temperatures  and v e l o c i t i e s  cons idered  (Ref .  6 ) .  A 
comparison of t h e  va r ious  p e r t i n e n t  p r o p e r t i e s  of l i t h i u m  and sodium 
i s  shown i n  Table 2. 

TABLE 2. PROPERTIES OF LITHIUM AND SODIUM. 

PROPERTY LITHIUM SODIUM 

Melting p o i n t  

Boi l ing  p o i n t  

Densi ty  

Heat c a p a c i t y  

Thermal conduc t iv i ty  

Thermal neut ron  abso rp t ion  
c r o s s - s e c t i o n  

Pumping power f o r  equ iva len t  
heat removal f o r  "C tempera- 
t u r e  r i s e  

Vapor p r e s s u r e  a t  1038°C 

179°C 

1317°C 

0.48 g/cm3 

1.0 ca l /g-"C 

0.08 c a l /  s -cm-O C 

Li-65 , L i 6  -945 
Li7-0. 33 barns  

3 .41  

98" c 

883" C 

0 .83 g / c S  

0 .3  ca l /g-"C 

0.16 cal/s-cm-"C 

0.45 barns  

34 

1500 mm Hg 

A conceptua l  l i th ium-cooled ,  f a s t  r e a c t o r  des ign  a p p l i c a b l e  t o  
luna r  power s t a t i o n s  i s  shown i n  FIGURE 2 .  P in- type  f u e l  elements a r e  
recommended because of  t h e i r  high surface- to-volume r a t i o .  Fue l  would 
be h i g h l y  en r i ched  uranium oxide i n  t h e  form of  cermet bonded t o  t h e  
p i n  w a l l s  o r  as uranium oxide p e l l e t s  w i t h i n  a f l u i d  thermal  l i n k .  
The c o r e  would be a cy l inde r  w i th  a diameter  and a c t i v e  l eng th  of 
approximate ly  25 cm. The r e f l e c t o r  could be hafnium which i s  a l s o  
an  e x c e l l e n t  primary gamma s h i e l d .  Cont ro l  would be performed by 
r o t a t i o n  of e n c i r c l i n g  drums which a r e  l o c a t e d  w i t h i n  the  hafnium 
s h i e l d - r e f l e c t o r .  Rota t ion  of  these  drums v a r i e s  t he  th i ckness  of 
r e f l e c t o r  material  between t h e  co re  boundary and t h e  boron-carbide 
"neut ron  t r a p s "  w i t h i n  the  drums. Care should be exe rc i sed  i n  the  
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des ign  of  such systems t o  i n s u r e  t h a t  t r a n s i e n t  p o s i t i v e  temperature  
c o e f f i c i e n t s  of r e a c t i v i t y  cannot occur because of thermal  expansion. 
S t r u c t u r e  and coo lan t  p ipes  could be s t a i n l e s s  s t e e l y c l a d  wi th  a s u i t -  
a b l e  columbium a l l o y .  

The minimum weight c o n s t r a i n t  j u s t i f i e s  a r igo rous  s h i e l d - r e f l e c t o r  
des ign .  A t y p i c a l  assembly i s  shown i n  FIGURE 3. A "modified" u n i t  
s h i e l d  concept  i s  employed f o r  i l l u s t r a t i o n  purposes t o  c o n s t r a i n  t h e  
r a d i a t i o n  dose rates t o  accep tab le  low l e v e l s  i n  a l l  d i r e c t i o n s .  The 
s h i e l d  c o n s i s t s  of four  p r i n c i p l e  e lements:  p r i m a r y  gamma s h i e l d -  
r e f l e c t o r ,  f i r s t  neut ron  s h i e l d ,  secondary gamma s h i e l d ,  and second 
neut ron  s h i e l d  which may o r  may not c o n s i s t  of  lunar  m a t e r i a l .  

I 

The primary gamma s h i e l d  should be a dense m a t e r i a l  such as hafnium 
and i t s  purpose would be t o  a t t e n u a t e  gamma rays  born i n  t h e  co re  and 
a l s o  t o  r e f l e c t  f a s t  neutrons f o r  r e a c t o r  c o n t r o l .  The l o c a t i o n  of t h e  
primary gamma s h i e l d  immediately ou t s ide  the  co re  a l s o  e x p l o i t s  t he  
geometr ic  advantage of  low weight  €or  a g iven  th i ckness .  However, s i n c e  
t h e r e  i s  a s t rong  neut ron  f l u x  p resen t  i n  the  primary gamma s h i e l d ,  
secondary g a m a  r a y s  o r i g i n a t e  through i n e l a s t i c  and c a p t u r e  processes .  
Therefore ,  a l l  the heavy gamma s h i e l d  cannot be  loca ted  immediately 
o u t s i d e  a f a s t  core .  Consequently,  t h e  primary gamma s h i e l d  should b e  
reduced t o  a s i z e  less than  t h a t  r equ i r ed  i n  t h e  absence of s econdar i e s ,  
and a l a y e r  of neut ron  s h i e l d i n g  should be i n s e r t e d  between i t  and a 
subsequent  l aye r  of gamma s h i e l d i n g .  This second gamma s h i e l d i n g  l a y e r  
provides  the  a d d i t i o n a l  a t t e n u a t i o n  needed f o r  t he  primary gamma r a y s  
as w e l l  as t h a t  r equ i r ed  t o  a t t e n u a t e  those  secondar ies  produced i n  t h e  
pr imary gamma s h i e l d  by neut rons .  I t s  l o c a t i o n  and type of m a t e r i a l  
would be determined through an  op t imiza t ion  procedure.  Both l a y e r s  of 
g a m a  s h i e l d i n g  should c o n t a i n  boron t o  suppress  thermal ized  neut rons  
which r e s u l t  i n  cap tu re  gammas. Among o the r  f a c t o r s ,  t h e  a d d i t i o n a l  
two neu t ron  s h i e l d i n g  l a y e r s  should be of ve ry  low atomic number, such 
as l i th ium-hydr ide  i f  lunar  ma te r i a l s  a r e  not  a v a i l a b l e .  

B. HEAT TRANSFER SYSTEM 

The h e a t  t r a n s f e r  system of the  conceptua l  des ign  c o n s i s t s  of 
two c l o s e d  loops p l u s  an a u x i l i a r y  s h i e l d  coo lan t  loop i f  needed. The'  
pr imary c losed  loop u t i l i z e s  l i t h ium i n  a molten s t a t e  as a coolan t  f o r  
t h e  r e a c t o r  and as a h e a t  t r a n s f e r  medium t o  t h e  primary h e a t  exchanger.  
The s e l e c t i o n  of molten l i t h i u m  as the primary coolan t  w a s  p rev ious ly  
d i s c u s s e d .  The secondary c losed  loop u t i l i z e s  potassium a s  a h e a t  t r a n s f e r  
medium and w a s  s e l e c t e d  on t h e  b a s i s  of  t h e  Rankine cyc le  power convers ion  
system (Ref.  3 ) .  

The primary coo lan t  e n t e r s  t h e  p re s su re  s h e l l  a t  approximately 871°C 
through two channels  and i s  d i r e c t e d  through the  s h i e l d  and r e f l e c t o r ,  
t hus  c o o l i n g  t h e  h igh  temperature sec t ions .  It then e n t e r s  a plenum 
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chamber and passes  through t h e  core reaching a n  o u t l e t  temperature of 
about  1038°C. The temperature  i s  reduced t o  approximately 871°C a s  the  
l i t h i u m  passes  through t h e  primary h e a t  exchanger and primary c o o l a n t  
pumps and back t o  t h e  r e a c t o r .  

The secondary c o o l a n t ,  potassium, e n t e r s  t h e  primary h e a t  exchanger 
i n  a l i q u i d  s t a t e  a t  approximately 704°C and i t s  temperature  i s  increased  
t o  about  982°C. It then  passes  through t h e  t u r b i n e s  as a g a s ,  t hus  
d r i v i n g  t h e  g e n e r a t o r s .  A h e a t  s i n k  w i l l  probably be  necessary  t o  con- 
dense t h e  gas  b e f o r e  i t  reaches the  pump where i t  i s  a g a i n  pumped through 
t h e  primary h e a t  exchanger.  Since t h e  luna r  s u r f a c e  temperature 'does 
n o t  exceed 150°C and t h e  gas  temperature i s  about  982"C, t h e  temperature  
d i f f e r e n t i a l  i s  r a t h e r  l a r g e ;  t h e r e f o r e ,  c o n t a c t  w i t h  the  luna r  s u r f a c e  
may s e r v e  as a n  adequate  h e a t  s i n k .  

A u x i l i a r y  c o o l i n g  of  t h e  surrounding r e a c t o r  s h i e l d  may be necessary 
t o  avoid  damage w i t h i n  t h e  p r e s s u r e  v e s s e l .  
u t i l i z e d  s i n c e  t h e  coolan t  temperature should no t  exceed 315°C; i t  i s  
a l s o  a n  e x c e l l e n t  neut ron  s h i e l d i n g  material  i n  i t s e l f .  

Alkylbenzene-350 could be 

The pumping speed of t h e  primary l i t h i u m  c o o l a n t  would be a f u n c t i o n  
of  t h e  c o r e  d e s i g n  a s  w e l l  a s  t h e  hea t  exchanger des ign .  The pumping 
speed of t h e  potassium secondary hea t  t r a n s f e r  medium would no t  only be 
a f u n c t i o n  of t h e  primary system but a l s o  of  t h e  t u r b i n e  e f f i c i e n c i e s ,  
e t c . ,  of t h e  Rankine power genera t ion  c y c l e .  E x i s t i n g  technology could 
be u t i l i z e d  and t h e r e  should be r e l a t i v e l y  few developmental  f a c t o r s  
o t h e r  than  c o o l a n t  c o r r o s i o n  of t u r b i n e  b lades  and pumps. 

C.  POWER GENERATION SYSTEM 

The power g e n e r a t i o n  s y s t e m  may p o s s i b l y  c o n s i s t  of two s e t s  of 
t u r b i n e s  and g e n e r a t o r s  f o r  each r e a c t o r  h e a t  system. The purpose of  two 
independent s e t s  would b e  t o  provide o p e r a t i o n a l  d e p e n d a b i l i t y  as w e l l  
a s  power e f f i c i e n c y .  Each system opera tes  on a potassium Rankine c y c l e  
because i t  o f f e r s  a h igh  convers ion  e f f i c i e n c y  and o p e r a t e s  a t  r e l a t i v e l y  
low source  temperatures .  The Brayton c y c l e ,  which i s  a gas c y c l e ,  be-  
comes u n a t t r a c t i v e  because of i t s  lower f r a c t i o n  of Carnot e f f i c i e n c y  
and h i g h  r e a c t o r  temperature  requirements (Ref. 7 ) .  The megawatt o u t -  
p u t  r e s u l t s  i n  a n  o v e r a l l  system e f f i c i e n c y  of 10 p e r  c e n t  i f  c a l c u l a t e d  
on t h e  b a s i s  of a n  optimum Carnot of 25 per  c e n t  and a conversion e f f i -  
c i e n c y  of 40 per  c e n t  of Carnot.  To minimize t h e  system weight ,  i t  i s  
n e c e s s a r y  t h a t  t he  conversion system o p e r a t e  a t  a h igh  s i n k  temperature  
and r e c o v e r  a maximum f r a c t i o n  of Carnot e f f i c i e n c y  (Ref. 8 ) .  S t a t e - o f -  
t h e - a r t  development methods f o r  t h e  potassium Rankine c y c l e  are a v a i l -  
a b l e  through such p r o j e c t s  a s  SNAP-50 (Ref. 6 ) .  Turbine des ign  and 
development appears  as t h e  most formidable problem p r i m a r i l y  because 
of c o o l a n t  c o m p a t i b i l i t y  a t  opera t ing  temperatures  f o r  extended p e r i o d s .  



12 

The development of an efficient, dependable 2 MWe power generation 
system will probably be a relatively minor project when compared with 
the reactor and heat transfer systems. However, an integrated design 
will be essential to obtain an optimum overall lunar power station design. 

PROBLEM AREAS 

To anticipate the precise technical areas requiring developmental 
work is impossible; however, it is anticipated that a majority of such 
problems will lie in the nuclear and heat transfer fields. 
these and other problems are summarized below. 

Some of 

A .  NUCLEAR AREA 

Critical experiments will be required to determine fuel inven- 
tory, reactivity, flux distribution, control element effectiveness, and 
temperature coefficient of reactivity. Determination of corrosion and 
heat transfer in high temperature liquid metal areas will be necessary 
as well as development of fuel element lubrication techniques and devel- 
opment of fabrication techniques for unusual engineering materials. 

Controls and instrumentation problem areas include development of 
drive mechanisms for reactor control drums, pumps, and valves, and devel- 
opment of ruggedized electronic components of radiation instrumentation 
and control computers. 

The shield-reflector design will present a challenging array of 
problems associated with weight optimization as well as fabrication and 
integrity at the operating temperatures and radiation levels being con- 
sidered. Weight optimization parameter is highly dependent upon the 
design dose rate constraints and the maximum single component weight 
allowable for earth-to-moon logistics. However, the tremendous amount 
of experimental data available from previous aircraft nuclear propulsion 
and mobile power plant programs should be adaptable to the compact lunar 
power station concept, primarily because of the extreme similarity of 
design parameters. 

Assembly techniques utilized at remote sites, such as McMurdo Sound, 
may be adaptable to the lunar station since the available time for such 
a manned operation and the unavailability of conventional equipment will 
necessitate a minimum of manual operation. Automatic checkout, startup, 
and operation is highly desirable. 

B. HEAT TRANSFER AREA 

The primary problems associated with the heat transfer area 
include determination of both primary and secondary coolant distribution, 
development of suitable pumps and values with particular attention to 
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. 

seals and bearings, stress and creep of structural components at high 
temperatures, turbine blade design, and corrosion of components within 
the loops. Flow rate determinations and the primary heat exchanger de- 
sign will require an integrated effort and may become an influencing 
system design factor. 

The utilization of  lithium as the primary coolant and heat transfer 
medium is justifiable for a number of reasons, and previous experimental 
data indicate that columbium cladding solves the corrosion problem at 
high temperatures. Potassium is a suitable heat transfer medium when 
used in the Rankine cycle; however, the wealth of experimental data on 
the eutectic, NaK (sodium-potassium), may warrant additional considera- 
tion. 

C. LUNAR ENVIRONMENT 

The remote sites at which nuclear power stations have been con- 
structed present strikingly similar environmental problems for manned 
operation. The lunar environment includes the additional problem of 
high vacuum as well as meteorites, space. radiation (both charged particle 
and electromagnetic), and unknown surface characteristics. However, 
these environmental problems are not restricted to the construction of 
a nuclear power statkon; rather, they are to be encountered in the con- 
struction of any type of power station on the moon. 

CONCLUSIONS 

A review of studies that result in modifying existing nuclear power 
plant designs reveals a number of significant reservations; notably, the 
method of reactor control, shielding, and weight optimization. A de- 
signer's primary prerequisites.include physical properties and nuclear 
characteristics of the materials of interest. Since such data are not 
available for lunar materials, their initial utilization would be unde- 
sirable. Even if such data became available within the next few years, 
methods of extraction and fabrication on the moon do not exist. If the 
lunar surface is rock or some other hard material, it does not appear 
practical to excavate extensively during the early exploratory years. 

Such problems appear to necessitate a modular-designed nuclear heat 
source. Consequently, a small, light weight, liquid-metal cooled, fast 
type reactor becomes the leading candidate. The technology exists for 
designing and developing a power system of this nature. However, lead 
time spans up to 10 years and initiation of such a research and develop- 
ment program becomes highly important at an early date. 
should ndt depend upon adaptation of such systems as present day remote 
power stations or advanced SNAP systems. Table 3 shows a comparison of 
space power systems including the conceptual CLP-1. 

It most definitely 
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60 28.7 
120 17.4 
180 15 .1  

SNAP-50 1970 300 4 .5  
1000 4 .5  

TABLE 3.  COMPARISON OF SPACE POWER SYSTEMS (REFS. 2 ,  3 ,  6 ,  AND 8 ) .  
I 

SYSTEM AVAILABLE POWER SPECIFIC WEIGHT UNSHIELDED WEIGHT 
@We 1 (kg/ kWe) (kg 1 

SNAP - 2 1965 3 90.8 272 

680 
17 25 
2090 
27 15 

1360 
4540 

2000 2.7 5454 I I CLP-1 1970-80 

A modular-designed complete lunar  power s t a t i o n  becomes an  immediate 
cand ida te  f o r  e a r l y  l o g i s t i c s  missions u t i l i z i n g  t h e  Sa turn  V Lunar Logis- 
t i c s  v e h i c l e  (LLV). One LLV would be s u f f i c i e n t  f o r  t h e  nuc lea r  h e a t  
source  and t h e  primary h e a t  exchanger modules wh i l e  an a d d i t i o n a l  LLV 
could t r a n s p o r t  t he  remaining modules of a minimum weight system. Table 4 
g ives  an  es t imated  weight summary of t h e  conceptua l  CLP-1. The h e a v i e s t  
s i n g l e  component would be t h e  co re - sh ie ld - r e f  l e c t o r  assembly which has  a 
maximum weight of 9310 kg. I f  t r a n s p o r t a t i o n  of a maximum a u x i l i a r y  
(neut ron)  s h i e l d  was r e q u i r e d ,  i t  could be  manufactured i n  segments of 
4540 kg or less and thus be r e a d i l y  t r a n s p o r t a b l e  by one o r  more LLV's .  

TABLE 4. CLP-1 ESTIMATED WEIGHT S W Y .  

MAJOR COMPONENTS WEIGHT (kg) 

Nuclear Reactor Heat System 
Core (bare)  230 
Ref l ec to r - sh ie ld  and c o n t r o l  drums 2270 t o  9080 
Auxi l ia ry  (neutron)  s h i e l d  13 600 

S u b t o t a l  - - - - - - - - -2500 t o  22 910 

454 Heat Transfer  System ( inc lud ing  primary 
h e a t  exchanger,  l i t h ium and potassium 
coo lan t s ,  pumps, and misce l laneous)  

Power Generation and D i s t r i b u t i o n  System 
Turbines (2) 
Generators  (2) 
Radiator  o r  h e a t  s i n k  
M i  s c e 1 lane ous 

S u b t o t a l  - - 

137 
1455 
454 t o  3190 
454 
- - -  -2500 t o  5236 

Minimum 5454 o r  2.7 kg/kWe 
28  600 o r  14.3 kg/kWe 
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